The microstructure of the investigated X153CrMoV12 grade tool steel in delivered condition consisted of spheroidal matrix and primary carbides. The primary carbides were not dissolved under austenitisation time on either 1030°C or 1070°C. The microstructure and abrasion resistance of the steel changed due to quenching from different austenitisation temperatures. After conventional quenching from the higher austenitising temperature, there is more residual austenite in the steel than at quenching from the lower austenitisation temperature, which decreased the wear resistance. As a result of quenching from 1070°C followed by a multiple tempering process around 500 to 540°C, the retained austenite content is reduced and finely dispersed carbides are precipitated in the matrix, resulting in a higher matrix hardness and an increased wear resistance. After cryogenic treatment, the residual austenite content decreases compared to the conventional process, which leads to an increase in hardness and wear resistance.
Introduction
The X153CrMoV12 grade steel is commonly used by tool makers as a raw material for blanking and punching tools, woodworking tools, shear blades for cutting light-gauge material, thread rolling tools, tools for drawing, deep drawing and cold extrusion, pressing tools for the ceramics and pharmaceutical industries, cold rolls (working rolls) for multiple-roll stands, measuring instruments and gauges and small moulds for the plastics industry where excellent wear resistance is required. This steel in delivered condition is annealed, the hardness is max. 250 Hb. in this state the steel is relatively easy to be manufactured despite its high alloy content. The properties of the tool are achieved in the final heat treatment. There are differences in the recommendations for heat treatment, despite the fact that the X153CrMoV12 grade steel is widely used. small dimension changes and high hardness is usu-ally achieved after quenching from 930-960 °C [1]. using high quenching temperature (1100 °C), secondary hardening appears in the material the maximum hardness result after tempering at 520-530 °C. The standard [2] recommendation for austenitisation is 1020°C, and cooling in air. The standard for maximum hardness (over 62 HRC) recommends 970°C for austenitisation, air quenching followed by tempering under 200°C Voestalpine is one of the world's leading tool steels, high-speed steels and special steels manufacturers. The company publication does not provide data on secondary hardening after the hardening process from 1030 °C, but secondary hardening is expected at 520 °C after hardening from 1070 °C, so double tempering at this temperature is recommended before any nitration [3]. interalloy recommends triple tempering at 500-550°C [4]. Cryogenic treatment is not mentioned by companies, nor by the standard, although when cooled to room temperature with this carbon con-tent, the martensitic transformation is not completed [5] . While company data do not suggest a relationship between wear resistance and heat treatment parameters, the effects of deep cooling and tempering on mechanical and wear properties have been addressed by several researchers for similar cold forming tool steels [6-11]. The tool makers ask from the heat treatment shops only the Rockwell hardness, however, tool life, wear resistance, and toughness depend also on the heat treatment technology.
Test materials and methods
The chemical composition of the examined X153CrMoV12 grade steel is shown in Table 1 . Austenitization of the 20×40×20 mm samples was carried out at 1030°C and 1070°C, respectively, in an ipsen VFC type vacuum furnace with 300 × 370 × 200 mm chamber size after a two-holding steps at 650 °C and 900 °C. some of the samples were quenched down to 40 °C conventionally, using nitrogen gas, and some samples were cryogenic treated in nitrogen to -80 °C for 3 hours. The effects of simple and multiple tempering on the microstructure and wear resistance were studied for the conventional and cryogenic quenching.
The experimental samples were examined after metallographic preparation using an Olympus PMG3 light microscope (LOM) and a Jeol JsM 5310 scanning electron microscope (sEM). Primary examination was of the carbides size and distribution in the microstructure using nital. For the determination of retained austenite the beraha'2 reagent (85 ml water, 15 ml HCl, 1 g k 2 s 2 O 5 ) proved to be the most suitable. beraha'2 reagent colors the ferrite and martensite but not austenite and carbides. The primary carbides are clearly distinguishable from the matrix. The carbide precipitations in the matrix are spherical, and so could be distinguished from the residual austenite. The hardness of the carbides and of the matrix after different heat treatments was measured with Vickers hardness testing equipment type buhler 1105.
For the wear resistance testing, a self-developed abrasive equipment was used [12] (Figure 1.) . The used abrasive tool was a 20 mm diameter Al 2 O 3 ceramic ball with polished surface. The loading force was provided by the sample which supported a load with 50 g.
The wear factor (K) was used as a measure of wear resistance, calculated from the volume mass loss (V v ), the sliding distance (s) and the normal load (F):
(1)
The volume mass lost is calculated from the diameter of the calotte formed during the wear (d) and the depth of the crater (h):
(2)
The height of the abrasive calotte is calculated by a simple relationship between the radius R of the abrasive ball and the diameter of the calotte formed during the wear test:
(3)
The sliding distance (s) depends on the time of the wear (t), on the radius of the abrasive ball (R) and its rotational speed (n) (4):
(4)
For comparison with literature data [11-12], the speed was 570 rpm and the abrasion test time was 5 minutes.
Test results
The hardness of the tested X153CrMoV12 grade tool steel in delivered condition was 248 HV 1 on average and its microstructure consisted of a spheroidal matrix and primary carbides. The austenitisation temperature recommended by 
Effect of the austenitisation temperature
Examining the microstructure of the samples, it was found that the primary carbides did not dissolve during heating at 1070°C, as can be seen in the photos of Figures 2. a) and b) . As shown in the photos of Figures 2. c) and d) , quenching from a higher austenitization temperature resulted in more residual austenite than in the case of quenching from 1030 °C. Hardness and wear resistance test results are fully consistent with the microstructure. When the sample was quenched from 1030 °C, the average hardness of the matrix was 674 HV 1, while for the sample quenched from 1070°C it was 648 HV 1. by increasing the austenitising temperature, the wear coefficient increased from 2.46 10 -5 mm 3 /nm to 2.94 10 -5 mm 3 /nm due to the higher retained austenite content. The distribution of retained austenite is always uniform in the matrix. The primary carbides appearance was similar after quenching from 1030°C and 1070°C. This microstructural similarity explains the phenomenon that the Rockwell hardnesses measured after quenching are the same (Table 2.). 
Effect of tempering
The temperature and number of cycles of tempering following the quenching after austenitization at 1070 °C significantly influence the microstructure, hardness and wear properties of the X152CrMoV12 steel. The amount of fine dispersed carbides in the martensite is very small (photos Changes in microstructure due to tempering at 500-550 °C increase the hardness of the matrix. Due to multiple tempering around 500-550 °C, the hardness of the matrix increased to 750 HV 1 (Table 2.).
The effect of cryogenic treatment
High-temperature tempering is required for tools that would be nitrided [1, 3]. nitrided products typically require dimensional accuracy, so a large amount of residual austenite is not allowed. in our investigations it was found that the residual austenite content of the cryogenic treated workpiece is low even after a single high-temperature tempering process compared to the conventional treated sample (Figure 5. a) , 2. c) ). The triple high-temperature tempering process decreases the residual austenite content further (Figure 5.) .
Due to cryogenic treatment the hardness of the matrix increase, and its positive effect on the wear factor is clearly demonstrated ( Table 3. ).
Conclusion
increasing the austenitisation temperature reduces the hardness of the martensitic matrix after quenching due to the increasing amount of residual austenite. Multiple high-temperature tempering increases the hardness of the sample quenched from 1070 °C, partly due to the reduction of residual austenite content and partly due to the finely dispersed precipitates. Cryogenic treatment causes a good reduction in the amount of residual austenite and an increase in wear resistance. 
